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                          Abstract
     The CO2 8689 A band in the spectrum of Venus was observed 
with the echelle spectrograph of the  coude focus of the 74-inch 
reflector at Okayama Astrophysical Observatory in 1973 and 1974 
when the phase angle of Venus was near 90°. The dispersion of the 
spectrum was 2.5 A/mm. The slits of the spectrograph were placed 
along the terminator and along the intensity equator. In our method 
of reduction the spatial variation of the CO2 absorption is 
obtained from a single spectrum, so it is not necessary to separate 
the spatial variation from the temporal variation and the spatial 
variation corresponds to a smaller range of longitude or latitude 
than those obtained from previous methods. 
     The CO2 absorptions decrease at high latitudes along the 
terminator and have a maximum on the intensity equator. These 
spatial variations would be explained theoretically with a homo-
geneous, isotropic scattering atmosphere. 
     The spatial variations of the slope of the curve of growth 
and the rotational temperature were also analyzed. The slope of 
the curve of growth increases slightly toward high latitudes along 
the terminator. It seems that the rotational temperature decreases 
toward high latitudes along the morning terminator but does not 
show any systematic variation along the evening terminator. 
    Key words: Venus; Planetary atmosphere; Planetary spectra; 
CO2 absorption; Rotational temperature.
 2.
1. Introduction 
     The phase variation of the equivalent width for numerous 
CO2 bands was observed by many observers (Kuiper 1952; Chamberlain 
and Kuiper 1956; Spinrad 1962; Moroz 1968; Gray and Schorn 1968; 
Gray et al. 1969; Schorn et al. 1969, 1970, 1971; Young et  al. 
1969, 1970). All of these observations suggest that the equivalent 
width decreases with increasing phase angle of Venus. This phase 
variation has been explained by models of a homogeneous, isotropically 
scattering atmosphere (Chamberlain and Kuiper 1956; Chamberlain 
and Smith 1970). The observations of Young et al. (1971) and of 
Young (1972) include the phase angle around inferior conjunction 
and appear to suggest a decrease in the equivalent width toward 
small phase angles from the phase angles of 50-80°. Such an 
"inverse phase effect" was interpreted by some models (Carleton 
and Traub 1972; Hunt 1972; Regas et al. 1973; Whitehill and Hansen 
1973; Chamberlain 1975). 
     Spatial Variation of the equivalent width for the CO2 band 
was observed by many observers (Kuiper 1952; Belton et al. 1968; 
Moroz 1971 a, b; Young et al. 1973, 1974; Barker and Perry 1975). 
Young et al. (1973, 1974) observed spatial and temporal variations 
of the CO2 absorption in the spectrum of Venus. Their data indicate 
a semi-regular 4-day variation of the apparent strength of the 
CO2 absorptions. Their data also indicate that there is more CO2 
absorption near the terminator than at the limb, and slightly
3  more in the southern than in the northern hemisphere. Barker 
   and Perry (1975) observed the spatial variation of the CO2 line 
   strength for various phase angles and found the polar versus
   equatorial asymmetry noted previously by Moroz (1971a, b) and 
   the long-term changes, more than one year, in the CO2 absorption. 
        In the method of observation and reduction by previous 
   authors, the spatial variation of CO2 absorption has been obtained 
   by comparing some spectra observed at different dates and times. 
   Therefore it is necessary to separate the spatial variation from 
   the temporal variation. Moreover the obtained longitudinal (or 
  latitudinal) variation corresponds not to a definite latitude
   (or longitude) but to a fairly wide range of latitude (or 
  longitude). In our method proposed in this paper, the spatial 
  variation of the CO2 absorption is obtained from a single spectrum, 
  so it is not necessary to separate the spatial variation from 
  the temporal variation and the spatial variation corresponds to 
  a smaller range of longitude or latitude than those obtained by 
  the previous method. In order to obtain the spatial variations 
  of the CO2 absorption with our method, spectroscopic observations 
  of the CO2 8689 A band were made in November, 1973 and in April, 
  1974. These observing periods were particularly favourable for this 
  purpose, because the intensity variation along the terminator  is' 
  minimum at the phase angle near 90°. We can measure the latitudinal 
  variation of CO2 variation along the terminator most realistically 
  in this phase angle. In section 3, the observed spatial variations
4of CO2 absorption are presented. The comparison of this observa-
tion with the theoretical variations obtained from the model 
assuming a homogeneous, isotropically scattering atmosphere are 
also presented in section 3. 
     Young et al. (1969) showed in their  analysis of the CO2 
     I 8689A band that the roatational temperatures do not vary from 
region to region on the planet. However, Young et al. (1975) 
recently found evidence for temporal and spatial variations in the 
rotational temperature. To examine whether the spatial variation 
of the rotational temperature exist or not, we also study the 
latitudinal variation of the rotational temperature. In order to 
determine the rotational temperature, we must know the absorption 
law, i.e., the slope of the curve of growth. In section 4, we first 
examine the spatial variation of the slope of the curve of growth. 
Then the spatial variation of the rotational temperature is examined 
2. Observations and Reductions 
     The observations were carried out with the echelle spectrograph 
of the coude focus (F=54m) of the 74-inch reflector at Okayama 
Astrophysical Observatory. Table 1 gives the basic data for our 
plates. The first column gives the plate number. The second and 
third columns are date and time of the observations. The fourth 
column gives the phase angle of Venus (Sun-Venus-Earth). The fifth
5column indicates the position of the slit on the disk of Venus. 
Position 1 is parallel to the evening terminator near the center 
of the disk; position 2 is along the intensity equator; position 
3  is'parallel to the morning terminator near the center of the 
disk. An image rotator was used to fix the slit position. In our 
observations,•various parts of the slit correspond to those of 
the disk of Venus. For example,in the case of position 1 and 3, 
the center of the spectrogram corresponds to the intensity equator, 
and the both edges of the spectrogram correspond to the polar 
regions. Spectra were taken on anmonia-hypersensitized Kodak I-N 
emulsions in September 1973, and anmonia-hypersensitized Kodak 
IV-N emulsions (Barker 1968) in April 1974. The dispersion on the 
plate is 2.5 A/mm at 8689 A. The projected slit width was 20)A. 
The image of Venus on the slit was contaminated by seeing and by 
imperfections in guiding. In order to determine the apparatus 
function on the observing night, the spectrograms of Moon and 
some bright stars neighboring Venus were also taken just before 
and just after the exposures for Venus. 
     The exposed plates were traced in the direction of dispersion 
in the density mode on a microphotometer. The projected slit height 
of the spectrometer was 200)tfor IV-N plate and 400p for I-N 
plate. They correspond to about 12 per cent and about 24 per cent 
of the diameter of the disk of Venus, respectively. Many tracings 
were made over various parts of the strip of the spectrogram. In 
the case of position 1 and 3, we can examine the latitudinal
6variation of CO2 absorption along the terminator. In the case of 
position 2, we can examine the longitudinal variation in the 
intensity equator. Figure 1 shows the CO2 8689  A band. 
      To measure the equivalent width, we used the square counting 
method and the simple method, in which the equivalent width was 
measured from the product of the central intensity and the l/e 
half-width. The differences of the values of the equivalent widths 
obtained by these two methods were with in a few per cent. For our 
simple method the spatial variation of the equivalent width can 
be divided into the variation of the central intensity and the 
l/e half-width. In our observations, the l/e half-width does not 
show any systematic spatial variation. This is expected from the 
fact that the CO2 line of Venus is narrow compared to the 
instrumental width so the apparent line profile of the CO2 line 
is the instrumental profile. Thus, the spatial variation of the 
central intensity corresponds to that of the equivalent width. 
     To obtain an estimate of the true spatial variation of the 
central intensity, it is necessary to deconvolve the observed 
intensity profile with the apparatus function. The estimates of 
the apparatus function were obtained from the observations of the 
limb of the Moon and some bright stars neighboring Venus. The 
intensity profile of a star image, obtained from the spectrogram 
tracing of the star perpendicular to the direction of dispersion 
with the projected slit height of 200)a or 400i4n, was used for 
the apparatus function of the observing night. The first derivative
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of the intensity profile of the limb of the Moon was also used 
for the apparatus function. These apparatus functions were 
approximated by Gaussian profile. The obtained half-widths of  . 
these Gaussian profiles were less than 2.6 sec of arc. This value 
is about 11 per cent of the diameter of the disk of Venus. 
Observed intensity profiles were deconvolved with these Gaussian 
profiles. The results indicated that the observed  and  'derived 
true intensity profiles agree within the noise level of data in 
the spatial range in which we measured the variation of central 
intensity. Thus we use the observed intensity profiles for our 
analyses. It is safely considered that the profile of the apparatus 
function does not change in every direction. Then the intensity 
profile we obtained is the averaged one within the range of 
apparatus function in the direction perpendicular to that of the 
slit. 
3. Spatial Variation of CO2 Absorption 
3.1. Observed Variation 
     We have measured the central intensities of the P(8)-P(28) 
lines. In the case of the slit position along the terminator, 
the relative value of the central intensity of each P(J) line, 
normalized to that of the intensity equator, is measured on each
8position of the disk of Venus. In the case of the slit position 
along the intensity equator, the central intensity of each P(J) 
line is referred to that of the position where the maximum value 
occurs. The relative CO2 line strength of each position is obtained 
by averaging these normalized central intensities of the P(J) 
lines. The errors in measuring central intensity are largely  due. 
to uncertainties in estimating the continuum level. In order to 
estimate these uncertainties, we measured the central intensities 
of eight solar lines located near the band. For the solar line, 
the central intensity of each solar line is normalized to the 
mean value of the central intensities of various positions. As 
the central intensities of solar lines do not vary over the disk 
of Venus, the standard deviation of the central intensity of the 
solar line would indicate the amount of errors in our measuring 
process, and therefore we assume this value would be same for the 
case of CO2 lines. The relative line strengths of CO2 line and 
of solar line, and their standard deviations are given in table 
2. Figures 2(a), 2(b), and 2(c) show the latitudinal variation 
of the relative line strengths of CO2 line and of solar line along 
the terminator. In these figures we can see that the relative 
CO2 line strength decreases toward the high latitude along the 
terminator, whereas that of solar line does not show any systematic 
variation. The longitudinal variation of the relative line strength 
along the intensity equator is illustrated in figure 3. It is 
obvious in this figure that the relative CO2 line strength has a 
maximum, whereas the relative line strength of solar line i5
9nearly constant.
 3.2.' Comparison with the Theoretical Variation 
      To compare the observed variation with the theoretical'one, 
we consider a model of the homogeneous, isotropically scattering 
atmosphere. The adequacy of the homogeneous model for the phase 
variation is recently demonstrated by Kawabata and Hansen (1975). 
They have computed the polarization of reflected sunlight for a 
homogeneous model atmosphere and for a reflecting layer model, 
and compared the calculations with observations of Coffeen and 
Gehrels (1969) and of Doilfus and Coffeen (1970). They concluded 
that the homogeneous model atmosphere is in better agreement with 
the observations than the reflecting layer model is. In the 
homogeneous, isotropically scattering atmosphere, the equivalent 
width of a CO2 line is proportional to (11.+j+) , where arccos iuo , 
and arccosiu are the angle of incidence, and of emergence 
(Chamberlain 1965, 1970; Belton et al. 1968). In our observation, 
the spatial variation of the central intensity corresponds to that 
of the equivalent width as discussed in section 2. So we can 
compare the theoretical variation of the equivalent width with 
the observed variation of the central intensity. The theoretical 
variation is also shown in figures 2(a), 2(b), 2(c), and 3. From 
figures 2(a), 2(b), and 2(c), it is obvious that our observed
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variation and the theoretical one have similar tendency, i.e., 
equivalent width decreases toward the high latitude. Along the 
intensity equator theoretical variation has a maximum at the 
position of r/R=0.7 (figure 3). This maximum  also appears in our 
observed variation near the position indicated by the theoretical 
model. We can say that our observed variations would show similar 
trend to the theoretical ones estimated from a model of the 
homogeneous, isotropically scattering atmosphere, although real 
atmosphere is inhomogeneous and the scattering is anisotropic in 
some degree.
4. Spatial Variations of the Slope of the Curve of Growth and 
of the Rotational Temperature 
     The intensity of a rotational line is proportional to the 
product of the number of molecules in the lower rotational energy 
state and the square of the matrix element for the rotatiohal 
transition. For the P branch (A J=-1) the square of the matrix 
element is proportional to the rotational quantum number (J) 
(Chamberlain 1965). Then the rotational line intensity of the 
P branch is given by 




and is the band intensity, Trot is the rotational temperature 
to be determined,  B
y is the rotational constant for the lower 
vibrational state, h is the Planck's constant, k is the Boltzmann 
constant, and Qrot-kTrot/hcBy is the rotational partition function 
(Herzberg 1950). Chamberlain and Kuiper (1956), working with the 
CO2 bands at 8689 and7820  A, found that absorption lines formed 
in a scattering atmosphere followed a square-root absorption law. 
Belton (1968) has developed a theory of curve of growth in a 
semi-infinite, homogeneous, isotropically scattering atmosphere 
and showed that the band at 8689 .i1 lay on a roughly square-root 
portion of the curve of growth. Young et al. (1969) also found 
                                                                                                                              . a square-root absorption law in their analysis of the CO2 8689A 
band. To see if the square-root absorption law is valid for every 
position on the disk of Venus, we calculated the slope of the 
curve of growth as has previously done by Young et al. (1969). 
If we assume that the curve of growth can be locally approximated 
by a straight line of slope, b, the relation between the equivalent 
width of a line, W, and the line intensity, S, is given by 
x Sb(2) 
• Substitution of equation (1) in equation (2) gives 
• Jb 
If we know the value of b (i.e., the absorption law), and plot
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 In W/Jb versus J(J+1), the rotational temperature can be found from 
a linear least-squares fit to the data. The slope of the curve of 
growth and the rotational temperature are computed by an iterative 
procedure. First, relative intensities are calculated for an 
assumed rotational temperature, then the slope, b, of the curve 
of growth is obtained from a linear least-squares solution of 
equation (2). Using the calculated value of b, the rotational 
temperature is recalculated from equation (3). For this rotational 
temperature, the relative intensities are recalculated. In'this 
way *iterative procedure is repeated until the rotational 
temperature exhibits no further change. The results of these 
calculations are given in table 2 and shown in figures 4(a), 4(b), 
and 4(c). These figures show that the slope, b, of the curve 
of growth increases slightly at the high latitude along the 
terminator. In figure 4(b) it seems that the rotational temperature 
decreases toward the high latitude along the morning terminator. 
Figure 4(a) also shows the variation along the morning terminator. 
In some regions (r/R=0.29S, 0.06S, and 0.06N), the slope, b, is 
slightly smaller than 0.5, but we should assume the slope equals 
to 0.5 in these regions. Then the rotational temperatures increase 
and the variation of the rotational temperature shows the polar 
cooling. In figure 3(c), which shows the variation along the 




     Spatial variation of the equivalent width for the CO2 band 
was discovered by Kuiper (1952). He reported that the patches of 
CO2 absorption may correspond to the ultra-violet cloud features 
(Murray et al.  1974). Belton et al. (1968) made a number of 
observations of the CO2 8689 A band strengths for the equator- and 
the polar-regions. However, they reported that their visual 
inspection of the data suggested no change at all. Moroz (1971a, 
b) observed the spectrum near the CO2 1.6 ,M. band at various parts 
of the crescent near inferior conjunction. He found that the 
equivalent bandwidths were several times greater at the southern 
cusp than at the intensity equator and/or than at the northern 
cusp. He explained this strong asymmetry by the geometry of the 
observations, i.e., the southern cusp is near the planetary pole, 
while the northern cusp is in the tropical and temperate zones. 
In his geometry of the observations he considered that the direction 
of the north pole of the planet was coincident with that of 
celestial north, so the equatorial plane of Venus was inclined 
about 30° from the intensity equator of Venus in his observing 
period. However, the pole of Venus is very nearly perpendicular 
to the orbital plane (Carpenter 1964; Goldstein 1964, 1970) and 
the orbit of Venus is inclined 3°4 to the ecliptic, so the equator 
of Venus is nearly coincident with the intensity equator. In this 
geometry we still have strong asymmetry in the observations of 
Moroz. Hunt and Schorn (1971) pointed out that it is impossible
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to draw the conclusion obtained by Moroz from  his observations. 
The date of the observation of the Moon which was used as a 
calibration was different from that of Venus in his observations. 
They pointed out that infrared observations of low dispersion, 
such as those made by Moroz, must be carried out at equal altitudes 
and as close together as possible in time, so any comparison made 
of the Venus spectra with those of the Moon is meaningless. 
     The latitudinal variation of the central intensity of CO2 
lines has been studied by Young et al. (1974) and by Barker and 
Perry (1975). Young et al. (1974) report that there is slightly 
("p3%) larger CO2 absorption in the southern hemisphere during the 
observational period of September 1972 when the phase angle,,, 
is 78-73°. Barker and Perry (1975) observed the relative CO2 line 
strength in various phase angles. They show that the southern 
hemisphere has slightly (^-3%) larger CO2 absorption when averaged 
over the observational period of September 1972 (f=75-70°), On 
the other hand, they show that intensity equatorial region has 
slightly larger CO2 absorption in the period of August 1973 (1.= 
47-54°), October 1973 1=76-79°), and December 1973 (T=109-113°). 
In our observational period of November 1973 (E=87°) and April 
1974(I=90-87°), the CO2 absorption decreases toward high latitudes 
along the terminator. This sense of the spatial variation agrees 
with the results of Barker and Perry (1975) in their August 1973, 
October 1973, and December 1973 data, although we are sampling 
a smaller longitudinal region along the terminator.
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     Young et al. (1974) also examine the longitudinal variation 
and show that there is more CO2 absorption in the  terminator:side 
than the limb side of the disk of Venus during the period of time 
in September 1972 (1=79-73°). Barker and Perry (1975) report that 
limb has slightly (n.3%) larger CO2 line strength than the terminator 
during the period of October 1973 ($=76-79°), whereas this asymmetry 
is opposite to that observed during December 1973 (1=109-113°). 
In our observation, the longitudinal variation along the intensity 
equator of the CO2 absorption has a maximum at the position of 
r/R=0.7. The sense of this variation agrees with the terminator-limb 
asymmetry obtained by Barker and Perry (1975) in October 1973, 
although we are sampling a smaller latitudinal region along the 
intensity equator. 
     Both of our longitudinal and latitudinal variations show 
(1M+)40) dependency. This dependency would be expected from a model.' 
of the homogeneous, isotropically scattering atmosphere. On the 
other hand, the simple reflecting layer model, in which the CO2 
lines are supposedly formed in clear atmosphere above the clouds, 
predicts spatial variations which are contrary to our observation. 
Our longitudinal variation in which the CO2 absorption decreases 
toward the terminator side is coinsident with the phase variation 
of the CO2 absorption in which the CO2 absorption decreases toward 
inferior conjunction (Young et al. 1971; Young 1972), since we 
see only the terminator region at inferior conjunction. A horizontal-
ly homogeneous atmosphere which is indicated by our observation,
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is also expected from the photochemically produced clouds (Prinn 
1971,  1973), because the height of the cloud top is not to vary 
over the disk of Venus in their cloud model. The observed variation 
of CE-346 plate shows a depression near the southern mid-latitude 
and that of CE-329 plate shows that there is more CO2 absorption 
in both hemispheres than the value indicated by the theoretical 
model. These deviations from the theoretical model may be related 
to relatively small horizontal inhomogenity in the atmosphere of 
Venus. 
     For the CO2 8689 A band, the slope, b, of the curve of growth 
has been considered to be nearly 0.5. Recently Schorn et al. 
(1975) reported the results of observations made during 1968 and 
1969. In their observational period, the phase angles of Venus 
varied from 10° to 126°. We can examine the phase variation of 
the slope, b, of the curve of growth from their data. This phase 
variation is shown in figure 5. From this figure we can see that 
the slopes for phase angles larger than 100° are slightly higher 
than those for phase angles smaller than 100°. The sense of this 
phase variation is coincident with that of our spatial variation 
in which the slope increases toward high latitudes along the 
terminator. These variations of the slope of the curve of growth 
with }A and /to can be explained theoretically by Belton (1968) and 
by Uesugi and Irvine (1970). They showed that the slope increases 
asJU(or J((o) decreases in the model of a semi-infinite, homogeneous, 
isotropic scattering atmosphere.
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     A spatial variation in the rotational temperature for the 
CO2 7820 A band was found by Young et al. (1975). They found that 
the average temperature at the equator, determined from a curve 
of growth analysis, is slightly higher than at the polar region. 
It seems that the polar cooling along the morning terminator 
appears in the case of CE-346 and -338. In the case of CE-329, 
observed along the evening terminator,  the . rotational temperature 
appears not to show polar cooling. Our results agree in the sense 
of variation with the polar cooling found by Ingersoll and Orton 
(1974). They analyzed the high-resolution maps of the brightness 
temperatures of Venus in the 8-14 it wavelength region obtained 
by Murray et al. (1963) and Westphal et al. (1965) and found that 
solar associated flux function show the existence of polar cooling 
and the magnitude of the polar cooling is much greater near the, 
morning terminator than the evening terminator. 
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                       Figure Captions 
Figure  1'. Reproduction of section of echelle spectrogram of 
     Venus on April 10, 1974 (phase angle 87°), showing the CO2 
     8689 A band. The spectrograph slit is placed parallel to the 
      terminator near the center of the disk of Venus. The positions 
     of the R- and P-branch lines are indicated. Original dispersion 
      2.5 A/mm on IV-N+'emulsion. 
Figure 2. Spatial variations of relative line strength of CO2 
     line and of solar line along the terminator. Observational
     variation of CO2 line is represented by open circles. 
     Theoretical variation obtained from a model of the homogeneous, 
     isotropically scattering atmosphere is shown by the solid 
     line. Filled circles indicate the variation of solar line. 
     Error bars denote the standard deviation. 
Figure 3. Spatial variations of relative line strength of CO2 
     line and ,of solar line along theAntensity equator. Symbols 
      are the same as in figure,l. S.S.P., subsolar point. 
Figure 4. Spatial variations of the slope of the curve of growth 
     and of the rotational temperature, found assuming a curve
     of growth absorption law, along the terminator. Filled
     circles indicate the slopes of the curve of growth. Open 
     circles represent the rotational temperatures. Error bars 
     denote the standard deviation. 
Figure 5. Slope of the curve of growth as a function of Venus 
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